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ABSTRACT This study reconstructs incremental
enamel development for a sample of modern human decid-
uous mandibular (n 5 42) and maxillary (n 5 42) anterior
(incisors and canines) teeth. Results are compared
between anterior teeth, and with previous research for
deciduous molars (Mahoney: Am J Phys Anthropol 144
(2011) 204–214) to identify developmental differences
along the tooth row. Two hypotheses are tested: Retzius
line periodicity will remain constant in teeth from the
same jaw and range from 6 to 12 days among individuals,
as in human permanent teeth; daily enamel secretion
rates (DSRs) will not vary between deciduous teeth,
as in some human permanent tooth types. A further aim
is to search for links between deciduous incremental
enamel development and the previously reported
eruption sequence. Retzius line periodicity in anterior
teeth ranged between 5 and 6 days, but did not differ
between an incisor and molar of one individual. Intradian
line periodicity was 12 h. Mean cuspal DSRs varied
slightly between equivalent regions along the tooth row.
Mandibular incisors initiated enamel formation first, had
the fastest mean DSRs, the greatest prenatal formation
time, and based upon prior studies are the first deciduous
tooth to erupt. Relatively rapid development in mandibu-
lar incisors in advance of early eruption may explain
some of the variation in DSRs along the tooth row that
cannot be explained by birth. Links between DSRs,
enamel initiation times, and the deciduous eruption
sequence are proposed. Anterior crown formation
times presented here can contribute toward human
infant age-at-death estimates. Regression equations
for reconstructing formation time in worn incisors are
given. Am J Phys Anthropol 147:637–651, 2012. VC 2012
Wiley Periodicals, Inc.
The timing [daily enamel secretion rates (DSRs),
Retzius and intradian line periodicity, pre-, and post-
natal cusp growth, and crown formation time (CFT)] of
enamel development can be reconstructed from incre-
mental growth markings that are retained in teeth after
death (e.g., Boyde, 1964a,b; Dean, 1987a; Beynon et al.,
1991a; Dean and Beynon, 1991; Dean et al., 1993). In
comparative studies of primate permanent dentition
some of these variables are regularly reconstructed to
examine the mechanism that underlies the morphologi-
cal development of tooth enamel (e.g., Dean et al., 1986;
Macho et al., 1996; Schwartz et al., 2005; Mahoney
et al., 2007; Smith et al., 2007a; Lacruz et al., 2008).
Such studies provide key insights into the evolution of
primate dentition and life history, as well as the biologi-
cal rhythms that regulate hard tissue development (e.g.,
Bromage and Dean, 1985; Dean et al., 2001; Schwartz
et al., 2002; Smith et al., 2007b; Bromage et al., 2009).
Others have reconstructed the timing of permanent
incremental enamel development along the tooth row
(e.g., Beynon et al., 1991b; Dirks, 1998; Reid et al.,
1998a,b; Dirks and Bowman, 2007; Smith et al., 2007a)
to reveal variation between primates (e.g., Dirks, 2003),
which can contribute to an understanding about species
differences in life history (e.g., Dirks and Bowman,
2007). Although some previous researchers have
described human deciduous incremental enamel develop-
ment along the tooth row (e.g., FitzGerald et al., 1999;
Birch and Dean, 2009; FitzGerald and Hillson, 2009;
Mahoney, 2011), the topic has generally received limited
attention. Nevertheless, there are clear differences in
the environment in which human deciduous and perma-
nent teeth grow which could influence incremental
enamel development. For example, unlike human perma-
nent tooth enamel, all human deciduous enamel com-
mences development in utero (e.g., Kraus and Jordan,
1965). Since deciduous incisor enamel develops in
advance of molars, birth is recorded at different times in
these different tooth types (e.g., Kraus and Jordan,
1965). Birth is an influence on DSRs in deciduous
enamel, temporarily reducing postnatal rates (e.g., Mac-
chiarelli et al., 2006; Birch and Dean, 2009; Mahoney,
2011). Thus, it would seem likely that DSRs from decidu-
ous incisors might differ when compared with equivalent
regions in deciduous molars. If so, then this would con-
trast with the situation reported for human permanent
teeth where mean DSRs generally remain constant
between some tooth types (Beynon et al., 1991b).
Another aspect of human deciduous incremental
enamel development that has received limited attention
in the literature is Retzius line periodicity. The periodic
nature of enamel formation produces a long period incre-
mental marking known as a Retzius line (see Back-
ground review below). The majority of previous studies
on human permanent teeth have demonstrated that the
number of days of enamel formation between adjacent
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Retzius lines (the periodicity) remains constant within a
tooth (FitzGerald, 1998; Mahoney, 2008), does not vary
between teeth from the same jaw (e.g., Dean and Bey-
non, 1991; FitzGerald, 1998; Reid et al., 1998a; also see
Dean and Scandrett, 1995 for corresponding dentin
lines), but ranges from 6 to 12 days between individuals
(e.g., Fukuhara, 1959; Beynon and Reid, 1987; Beynon,
1992; Reid et al., 1998a; Reid and Dean, 2000; Schwartz
et al., 2001; Reid and Ferrell, 2006; Mahoney, 2008). One
would expect similar findings in human deciduous teeth,
thought this is not clear from the very few studies that
have reported such values. Mahoney (2011) reported one
value of 9 days for one deciduous second molar. As part
of their study, Huda and Bowman (1994, 1995) reported
a range of values from 4 or 5 days (depending on the ob-
server) to 8 days for one canine and two deciduous
molars, but this included variation within a tooth. If the
lowermost value and the variation within the deciduous
teeth in that study are confirmed, this would differ com-
pared with findings reported in the majority of prior
studies on human permanent teeth. No study has com-
pared Retzius line periodicity between human deciduous
teeth from the same jaw.
The aim of this study is to reconstruct the timing of
incremental enamel development in a sample of modern
human deciduous maxillary and mandibular anterior
teeth (di1, di
1, di2, di
2, dc1, and dc
1). As this will be the
first study to comprehensively examine these tooth types
in this way, these rarely reported developmental varia-
bles (e.g., Retzius and intradian line periodicity, enamel
initiation times, CFTs) can be reused for comparisons
with deciduous teeth from fossil species, which are
hardly ever undertaken (e.g., Beynon et al., 1998a). The
anterior CFTs can also contribute toward age-at-death
estimations for human infants. Following this, results
for the anterior teeth will be compared with previous
findings for deciduous molars (Mahoney, 2011) to recon-
struct incremental enamel development along the tooth
row. The comparative molar data will be supplemented
with additional new data presented here for Retzius line
periodicity in molar teeth from the same jaw. The
hypotheses tested are, DSRs will not vary along the de-
ciduous tooth row, as in some human permanent tooth
types (e.g., Beynon et al., 1991b); Retzius line periodicity
will remain constant in teeth from the same jaw and
range from 6 to 12 days between individuals, as in
human permanent teeth (e.g., Reid et al., 1998a; Maho-
ney, 2008).
A further aim is to search for links between enamel
initiation times along the tooth row (as well as other
aspects of incremental development), and the previously
documented eruption sequence for human deciduous
teeth. Beynon et al. (1991a) proposed that aspects of
incremental development in permanent teeth from a
juvenile gorilla reflected mean tooth emergence times.
This idea is tested here on human deciduous teeth.
Methodological suggestions for recording incremental
markings in deciduous teeth will also be given, which
can guide future sample selection.
BACKGROUND
Incremental enamel markings
Rhythmic variations in the matrix secreted by enamel
forming cells (ameloblasts) produce several types of
incremental markings: cross-striations; Retzius lines;
intradian lines; accentuated markings. Cross-striations,
or short period markings, are the result of a daily (24 h)
variation in ameloblast activity in humans (Asper, 1916;
Schour and Poncher, 1937; Boyde, 1979, 1989; Risnes,
1986; Antoine et al., 2009), macaques (Bromage, 1991;
Smith, 2006), and other animals (Mimura, 1939).
Retzius lines (Retzius, 1837), or long period markings,
represent the successive location of the forming enamel
front (Dean, 1987b; Risnes, 1990). Retzius line periodic-
ity in permanent teeth is positively correlated with body
mass in several extant and fossil primate taxa, as well
as a sample of Proboscidea (Smith, 2008; Bromage et al.,
2009), though some recently extinct lemurs are an excep-
tion (Schwartz et al., 2002).
Intradian lines are subdaily incremental markings
(Gustafson, 1959; Boyde, 1989). They have been identi-
fied in human permanent enamel (FitzGerald, 1996;
Lacruz and Bromage, 2006, their Fig. 1), and have a 12-
h periodicity (time elapsed between adjacent intradian
lines) in macaque enamel (Shellis and Poole, 1977;
Smith, 2004). Studies of dentin suggest that intradian
line periodicity, like Retzius line periodicity, may not be
constant between species. For example, a periodicity of
12 h has been reported for human dentin (Kawasaki et
al., 1979), 8–12 h for rabbits (Rosenberg and Simmons,
1980), and 8 h for rats (Ohtsuka and Shinoda, 1995).
Accentuated markings, (also called accentuated
Retzius lines or Wilson bands), can form in developing
enamel in response to systemic and psychological stress
(e.g., Boyde, 1989; Goodman and Rose, 1990; Schwartz
et al., 2006). Birth is thought to produce an accentuated
marking, which has been named the neonatal line
(Rushton, 1933; Schour, 1936; Weber and Eisenmann,
1971; Sabel et al., 2008). This line, and subsequent
accentuated markings (e.g., Beynon et al., 1991b), can be
used with cross-striations and Retzius lines to calculate
pre-, and postnatal enamel formation time, and also to
determine the growth sequence between teeth (e.g., Bey-
non et al., 1991a; Macho et al., 1996; Reid, 1998a,b;
Schwartz et al., 2005, 2007).
Previous studies of deciduous
enamel development
Enamel secretion rates. Early studies reported differ-
ences in growth rates between the deciduous and perma-
nent teeth of one individual (Schour and Poncher, 1937),
and more rapid calcification in deciduous central incisors
compared with lateral incisors and molars in a sample of
fetal cadaver jaws (Kraus, 1959a). Further knowledge of
the relationship between enamel secretion rates and the
position of a tooth along the dental row has been gained
from recent studies of incremental enamel development
that calculated DSRs from cross-striations. Fitzgerald
and Hillson (2009), like Kraus (1959a), identified differ-
ences in mean DSRs (rates pooled from different enamel
regions within a tooth) calculated from mainly prenatal
enamel in a sample of deciduous incisors compared with
first molars.
Others have reported DSR variation within deciduous
teeth. Birch and Dean (2009) found that mean DSRs in
mandibular incisors (central and lateral combined) and
canines differed depending upon the region of the tooth
examined. Rates were lowest near the enamel–dentin
junction (EDJ), fastest at the outer enamel surface, and
reduced cervically (also see Shellis, 1984), which has
also been reported for macaque deciduous enamel (Smith
et al., 2002). Birth is another temporary influence on
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deciduous DSRs (Macchiarelli et al., 2006; Birch and
Dean, 2009; Mahoney, 2011). No study has examined
DSR variation between maxillary and mandibular teeth,
or between incisors and canines in samples sizes greater
than n 5 1.
Retzius and intradian line periodicity. A previous
study of incremental markings reported a Retzius line
periodicity range from 4 to 8 days within and between
three deciduous teeth (Huda and Bowman, 1994). As
they noted, it was not clear if the range of values within
each tooth reflected a methodological limitation or actual
variation (Huda and Bowman, 1995). Mahoney (2011)
reported a periodicity of 9 days for one deciduous second
molar. No study has reported Retzius line periodicity for
deciduous incisors, or intradian line periodicity for
human deciduous anterior enamel.
Crown formation time. Early estimates of deciduous
CFT were attained from serial sections taken through
the teeth and jaw of known age cadavers (Logan and
Kronfeld, 1933). Following this, mean age of crown com-
pletion for deciduous anterior teeth (and molars) was
calculated from radiographs taken of the developing den-
Fig. 1. Retzius line periodicity in di2. A: Photomontage of a di2 section taken at 43. B: Lingual surface, lateral enamel at 103
showing Retzius lines (indicated by arrows). The darker area between the Retzius lines is hypomineralized enamel. C: Close up of
highlighted area in B at 403 showing daily cross-striations between two adjacent Retzius lines. White-dashed lines follow Retzius
lines axis. White arrows point to cross-striations.
Fig. 2. Intradian lines in di2 at 403. A: Large white arrows
point to daily cross-striations. B: Small white arrows point to
intradian lines.
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tition from children in three or six monthly intervals,
over several years (e.g., Fanning, 1961; Moorrees et al.,
1963; Fanning and Brown, 1971). Others supplemented
radiographic examinations with tooth length measure-
ments (Liversidge and Molleson, 2004).
Few have reported enamel CFT for deciduous anterior
teeth from histological analyses of incremental mark-
ings. Shellis (1984) calculated CFTs for deciduous maxil-
lary and mandibular lateral incisors (n 5 2) and canines
(n 5 4) combined using a formula that quantified exten-
sion rates along the EDJ (though, see Discussion in
Smith et al., 2006). Katzenberg et al. (2005) reported
formation time for di2 and dc1, but as they noted, the
enamel was damaged so it was difficult to provide an
accurate CFT. FitzGerald et al. (1999, 2006) calculated a
CFT of twelve months for six canines (mandibular and
maxillary combined), 6 months for one lateral incisor,
and 5 months for one central incisor.
CFTs derived from radiographic methods can differ
when compared with those attained from histological
analyses of incremental enamel markings (e.g., Beynon
et al., 1991a,b, 1998b; Reid et al., 1998a,b; FitzGerald
et al., 1999; Reid and Dean, 2006; Mahoney, 2011).
Relatively reduced values reported in the radiographic
studies have been attributed in part to the imaging tech-
nique (e.g., Beynon et al., 1991a). In contrast, CFT calcu-
lated from incremental markings can yield accurate
(Smith et al., 2006; Antoine et al., 2009) and consistent
estimates (FitzGerald and Hillson, 2009). Given that
CFTs can contribute to modern human age-at-death esti-
mates (e.g., Boyde, 1964b), and the general lack of histo-
logically derived formation times for deciduous anterior
teeth, this makes a case for undertaking this study on
this aspect of dental development.
Pre- and postnatal cusp growth. Studies employing
staining methods (Kraus, 1959b; Kraus and Jordan,
1965) report a sequence of deciduous enamel initiation:
central incisors, followed by first molars, lateral incisors,
canines, and lastly second molars. Others report initial
calcification in di2 compared with di2 (Butler, 1992;
Kraus, 1959b), though there is variation (Logan and
Kronfeld, 1933).
Histological analyses of initial mineralization has been
undertaken for deciduous dentin (Sunderland et al.,
1987), incisor and canine enamel (FitzGerald and
Hillson, 2009) and lower first and second molar enamel
(FitzGerald and Hillson, 2009; Mahoney, 2011). Of these,
Sunderland et al. (1987) reported a sequence of initiation
along the deciduous tooth row:central incisors, followed
by lateral incisors or first molars, then canines, and
lastly second molars.
The aim of this study is to reconstruct incremental
enamel development for a sample of modern human
deciduous anterior teeth. The findings will be compared
with deciduous molars to search for developmental dif-
ferences along the tooth row. Links with the eruption
sequence will also be sought.
MATERIALS
The dental sample is comprised of erupted unworn
di1(n 5 13), di2(n 5 12), dc1(n 5 17), and di
1(n 5 11),
di2(n 5 14), and dc1(n 5 17). These were chosen from a
much larger sample of sectioned deciduous anterior teeth
because they preserved either incremental and/or accen-
tuated markings. All dental samples dated to the British
Medieval period and were from a previously excavated
archaeological site, St Gregory’s Priory and adjacent
cemetery, in Canterbury, England (Hicks and Hicks,
2000). Samples were chosen from this site because of the
large number of well-preserved infants and juveniles.
The sex of the juveniles was not known.
METHODS
Standard histological procedures were followed (e.g.,
Reid et al., 1998a). Each tooth was embedded in polyes-
ter resin to reduce the risk of splintering while section-
ing. Using a diamond-wafering blade (Buehler1 IsoMet
1000), labial-lingual sections were taken through the
outermost enamel cusp tip, the tip of the EDJ, and the
most cervical extension of the enamel. Section obliquity
was minimized following methods discussed by Mahoney
(2010). Each section was mounted on a microscope slide,
lapped using a graded series of grinding pads (Buehler1
IsoMet 1000) to reveal the accentuated and other incre-
mental lines, polished with a 0.3-mm aluminum oxide
powder, placed in an ultrasonic bath to remove surface
debris, dehydrated through a series of alcohol baths,
cleared (Histoclear1), and mounted with a cover slip
using a xylene-based mounting medium (DPX1). Sec-
tions were examined under a high powered microscope
(Olympus BX51) using transmitted and polarized light.
Images were captured (Olympus DP25) and analyzed
(Olympus Cell D). The timing of enamel development
was reconstructed (below).
Daily enamel secretion rates
DSRs were calculated for cuspal, lateral, and cervical
enamel areas (see Beynon et al., 1991a, their Fig. 2).
Each area was further subdivided into three regions of
equal thickness (inner, mid, and outer). Rates were
measured along the long axis of an enamel prism around
the center of each region (Mahoney, 2008: Fig. 3). A
Fig. 3. Measurements (from Martin, 1983) for estimating
CFT from regression equations. A: Total length of the EDJ in
millimeters measured between (i) and (ii). B: Total area of the
tooth crown section in square millimeter (highlighted area).
This is the area of the enamel cap (c), plus the dentin area (b)
defined by a line drawn between the most cervical tip of the
enamel labial face across to the most cervical tip of the lingual
face.
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distance corresponding to 5 days of enamel secretion was
measured, and then divided by five to yield a mean daily
rate. The procedure was repeated a minimum of six
times in each region, which allowed a grand mean value
and standard deviation (SD) to be calculated.
Retzius line periodicity
Retzius lines were only visible in the lateral enamel of
six sections from the entire anterior tooth sample. Perio-
dicity for one of these sections was calculated by directly
counting the number of cross-striations between two
adjacent Retzius lines to give the number of days of
enamel formation across a single enamel layer (see
Fig. 1). Periodicity for the other sections was calculated
by measuring the distance between several adjacent
Retzius lines along the long axis of the prism. The mea-
surement was divided by a local DSR.
To supplement the comparative molar data (Mahoney,
2011), and to assess variation in Retzius line periodicity
in teeth from the same jaw, the mandibles that con-
tained the six anterior teeth that preserved Retzius lines
were re-sampled for deciduous first and second molars.
Multiple sections were taken through each tooth. In one
jaw containing anterior teeth, Retzius lines were present
in one deciduous mandibular first molar and periodicity
was calculated. In another jaw not containing anterior
teeth, Retzius lines were present in one permanent first
molar and a deciduous second molar and periodicity was
calculated.
Intradian line periodicity
Intradian lines were visible in the cuspal enamel of
three sections from the entire sample. For one of these
sections, cross-striations were adjacent to intradian lines
(see Fig. 2). For this section, periodicity was determined
by measuring the distance across four intradian lines
along the long axis of a prism, which was then subdi-
vided to calculate the rate of enamel secretion between
two lines. The procedure was repeated across three
intradian lines in another area on the same slide and a
mean value was produced. The amount of enamel
secreted between two intradian lines was then compared
with the amount of enamel secreted over a 24-h period
(i.e., between two adjacent cross-striations on the same
thin section) to calculate intradian line periodicity.
Cuspal enamel formation time
For one of the deciduous lateral incisors and two can-
ines, cuspal formation time was calculated for both the
labial and lingual surfaces. For all other teeth, formation
time was calculated for just the labial surface. Cuspal
enamel formation time was calculated in two ways. In
five sections, cross-striations were preserved throughout
most of the cuspal enamel. For these sections, overlap-
ping images of the entire sectioned cuspal enamel were
produced at 203 using imaging software. These were
printed in color and a montage was recreated. Cross-
striations on the montage were marked with a pen,
starting at the tip of the dentin horn and continuing to
the outer enamel surface at the cusp tip. The number of
cross-striations was then summed to give the number of
days of cuspal enamel growth.
For the remaining and majority of the sections, cross-
striations were preserved intermittently. For these, for-
mation times were calculated using a standard formula
[(enamel thickness 3 correction factor)/DSR]. Enamel
thickness was measured from the tip of the dentin horn
to the position of the first Retzius line at the cusp tip
tooth surface. A correction factor of 1.05 was used
because decussation was not marked in this sample (e.g.,
Schwartz et al., 2003). Cuspal enamel was divided into
three regions of equal thickness and divided by the
mean DSR from each of those regions (see above). The
three formation times were then summed to give an
overall cuspal formation time.
Lateral enamel formation time
Lateral enamel formation time was recorded using
enamel prism lengths divided by local mean DSRs to
navigate between accentuated markings (Mahoney et al.,
2007: his Fig. 1). Overlapping images of the entire lat-
eral enamel were captured at 203 for each section and
printed in color. A montage was created. Accentuated
markings upon the montage were traced with a pen, so
that they were clearly emphasized. The tracing was used
as a template to guide recording of another on-screen
image of the lateral enamel using the imaging software.
A clearly visible accentuated marking in the lateral
enamel was followed on-screen in an apical direction to
the EDJ. Prisms originating at the boundary between
the EDJ and this accentuated marking were traced
toward another accentuated marking at or near the
outer enamel surface. The procedure was repeated. The
time taken to form these prisms was included in the esti-
mate of lateral enamel formation time.
Crown formation time
Cuspal and lateral enamel formation times were
summed for each tooth to give total CFT.
Pre- and postnatal cusp growth
Prenatal enamel cusp formation time was calculated
by locating the position of the neonatal line. The enamel
thickness between this line and the tip of the dentin
horn was measured and divided into three regions of
equal thickness. Each region was divided by a mean
DSR calculated for each region. The three formation
times were then summed to give prenatal cusp formation
time.
The sequence of enamel cusp initiation and completion
between teeth was determined by locating the position of
the neonatal line and the position of subsequent accentu-
ated markings. The time that elapsed between the neo-
natal line and the subsequent markings was calculated
by dividing the enamel thickness by local DSRs, thus
determining a chronology of growth disturbances. The
chronology of disturbances was then sought in and
matched between the tooth types.
Analysis
DSRs from equivalent regions will be compared
between anterior tooth types, between mandibular and
maxillary anterior teeth, and between anterior and pos-
terior mandibular teeth with a Mann–Whitney U-test. A
Wilcoxon signed-rank test will be used to compare DSRs
from anterior teeth, between cuspal and lateral enamel.
Variation in maxillary and mandibular anterior CFTs
will also be sought with a Wilcoxon signed-rank test.
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Daily enamel secretion rates. Mean DSRs increased
from inner to outer enamel regions in all tooth types
(Tables 1 and 2). DSRs did not differ significantly when
equivalent regions were compared between anterior tooth
types, or between mandibular or maxillary teeth, except
when the canine inner cuspal regions were compared.
Mean DSRs were generally slightly faster in cuspal com-
pared with lateral enamel, though the difference was only
significant in di1 (Appendix 1 for anterior tooth inferential
statistics). When DSRs could be calculated for cervical
enamel they were, on average, between 1.08 and 0.38 lm
slower than equivalent regions in cuspal enamel, which
supports results reported by Birch and Dean (2009).
Retzius line periodicity. In mandibular anterior teeth,
periodicity was calculated for one lateral incisor and two
canines. Direct counts of cross-striations between two ad-
jacent Retzius lines gave a periodicity of 5 days for the in-
cisor (see Fig. 1a–c). A measurement of 63 lm across four
Retzius lines (i.e., three layers) divided by a local DSR of
3.81 lm gave a measurement of 5.51, or a periodicity of 6
days for one canine. Measurements of 89 lm across four
layers divided by a local DSR of 4.00 lm, and another
measurement of 120 lm across five layers divided by a
DSR of 4.2 lm, gave two values of 5.56 and 5.71, respec-
tively, or a periodicity of 6 days for this canine.
In maxillary anterior teeth, periodicity was calculated
for three canines. Measurements of 59 lm across two
enamel layers divided by a DSR of 5.01 lm, another of
51 lm across two layers divided by a DSR of 5.00 lm,
and another of 137 lm across six layers divided by a
DSR of 4.80 lm gave a periodicity of 6 days for the first
canine, and 5 days for the other two canines.
Intradian line periodicity. Intradian line periodicity
was 2.1 lm and 2.0 lm in one di2 section, with a DSR of
4.2 lm calculated from adjacent daily cross-striations in
the same section (see Fig. 2). Based upon a 24-h perio-
dicity for the cross-striations used to calculate the DSR
of 4.2 lm, the intradian lines were laid down every 12 h.
The 12-h intradian periodicity calculated for this slide is
the same as the 12-h intradian periodicity reported for
human permanent dentin (Kawasaki et al., 1979).





















Mean 3.68 4.50 5.16 3.35 4.60 5.14 3.31 4.09 4.79
Min 2.44 3.74 4.83 2.56 4.07 4.54 2.05 2.87 3.95
Max 4.50 5.25 5.63 3.90 5.60 5.71 3.80 4.90 5.31




















Mean 3.67 3.89 5.06 3.45 4.27 5.04 3.10 3.91 5.07
Min 3.43 2.97 4.73 2.91 3.36 4.68 2.50 2.87 4.61
Max 3.90 4.34 5.56 4.10 4.88 5.17 3.51 4.31 5.39
6 1 SD 0.29 0.61 0.36 0.43 0.47 0.25 0.58 0.37 0.34
Mean cervical DSRs for the mid-enamel region in di2 5 3.42 lm (n 5 4), and dc1 5 3.52 lm (n 5 3).





















Mean 3.65 4.76 4.96 3.65 4.38 4.98 3.72 3.85 4.39
Min 2.00 4.06 3.91 2.06 3.40 3.70 2.88 2.67 3.44
Max 4.37 4.97 5.52 4.51 4.99 5.37 4.20 4.35 5.02




















Mean 3.37 3.96 4.31 3.46 3.64 4.26 3.83 4.07 4.62
Min 2.78 3.06 – 2.44 3.27 3.48 2.89 3.01 3.94
Max 3.76 4.30 – 4.50 3.98 4.80 4.03 4.91 5.20
6 1 SD 0.45 0.53 – 0.70 0.34 0.44 0.45 0.51 0.55
Mean cervical DSRs for the dc1 5 inner 3.10 lm (n 5 2), mid 3.57 lm (n 5 6), outer 3.93 lm (n 5 3). Mean cervical DSRs for the
di2 5 mid 3.29 lm (n 5 2). Mean cervical DSRs for the di1 5 inner 3.10 lm (n 5 3), mid 3.27 lm (n 5 4), outer 3.83 lm (n 5 2).
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Crown formation time. Mean CFT was 282 days for
di1, 317 days for di2, and 443 days for dc1. When CFT
was calculated for both faces of one di2, it gave a forma-
tion time of 306 days for the labial face and 279 days
for the lingual face. Table 3 shows lateral and cuspal for-
mation times.
Mean CFT for di1 was 388 days, 345 days for di2, and
474 days for dc1. When CFT was calculated for both
faces of two canines it gave a formation time of 447 days
for the labial face and 402 days for the lingual face of
one canine, and 473 days for the labial face and 424
days for the lingual face of the other. Mean CFTs for di2
and dc1 were slightly greater compared with di2 and dc1,
but formation times did not differ significantly between
the mandibular and maxillary antimeres.
CFT was significantly correlated with the total area of
the tooth crown section (Pearson’s r 5 0.758; P 5 0.000),
and the length of the EDJ (Pearson’s r 5 0.712; P 5
0.000; Fig. 3a,b). Thus, linear regression equations were
calculated (data from all anterior teeth combined). These
can be applied to incisors (or canines) with unworn
enamel and those where the occlusal enamel is worn but
the EDJ remains intact. To estimate CFT for unworn
incisors: di1 CFT 5 122.980 1 (11.357 3 area of tooth
crown section). To estimate CFT for worn incisors: di1
CFT 5 2236.268 1 (43.751 3 length of EDJ).
Pre- and postnatal cusp growth. In mandibular teeth,
on average, enamel initiated 166 days before birth in di1,
142 days before birth in di2, and 88 days before birth in
dc1 (Table 4). Enamel was complete 116 days after birth
in di1, 175 days after birth in di2, and 355 days after
birth in dc1. Growth continued for an additional 180
days in dc1 after enamel completion in di2.
In maxillary teeth, on average, enamel initiated 189
days before birth in di1, 163 days before birth in di2, and
98 days before birth in dc1 (Table 4). Enamel was com-
plete 199 days after birth in di1, 182 days after birth in
di2, and 376 days after birth in dc1. The neonatal line
formed over a period of 3–7 days in all teeth, mandibular
and maxillary.
Figures 4 and 5 show di2 and dc1 CFT re-calculated as
pre- and postnatal formation times. Figures 6 and 7
show di2 and dc1 CFT re-calculated as pre- and postnatal
formation times. Mean postnatal formation time for
maxillary and mandibular lateral incisors and canines
were greater compared with formation times derived
from radiographic methods (Table 5), which supports
previously documented differences in CFT between the
two methodologies (e.g., Beynon et al., 1991a).
Comparisons along the tooth row
Daily enamel secretion rates. Mean mandibular cus-
pal DSRs for di1 (mid 5 4.50 lm, outer 5 5.16 lm) and
di2 (mid 5 4.60 lm, outer 5 5.14 lm) were slightly
TABLE 3. Incisor and canine formation times in days (years)
Mandibular Maxillary
di2 (n 5 11) dc1 (n 5 17) di
2 (n 5 12) dc1 (n 5 17)
Cua Lat Cu Lat Cu Lat Cu Lat
53 270 44 325 49 218 101 423
40 266b 87 430 64 282 91 479
43 229 79 321 69 291 76 378
74 307 73 369 59 236 113 331
56 209 87 296 54 244 103 386
59 228 95 361 60 – 97 350c
50 269 98 297 46 289 86 321
67 268 68 312 44 339 97 336
38 332 55 331 94 295 65 358
46 270 73 – 46 362 76 331
77 333 47 320 135 426
90 416 140 377
84 408 89 354
112 410 99 374
72 459 51 434
68 414 64 444
81 353 88 –
CFTc 317 (0.87) 443 (1.21) 345 (0.95) 474 (1.30)
Min 265 369 267 407
Max 381 531 408 570
6 1 SDd 38 57 45 51
di1 (n 5 3) mean cuspal of 42 days 1 lateral of 240 days 5 CFT of 282 days; di
1 (n 5 3) mean cuspal of 69 days 1 lateral of 319
days 5 CFT of 388 days.
aCu 5 cuspal enamel; Lat 5 lateral enamel.
bLabial face reported in table, but lingual face also reported in results.
cTotal mean CFT and SD in table calculated from individuals with both cu 1 lat.
TABLE 4. Prenatal formation times in days
di1 di2 dc1 di
1 di2 dc1
181 130 92 201 104 77
174 118 77 188 90 92
146 84 75 169 170 103
162 139 75 199 180 89
162 101 196 127
125 60 216 76
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greater compared with equivalent regions in dm1 (mid 5
3.87 lm, outer 5 4.76 lm; Mahoney, 2011, his Tables 1
and 3) and dm2 (mid 5 3.91 lm, outer 5 4.92 lm; see
Fig. 8). DSRs differed significantly between di2 and dm2
midenamel regions (U 5 5.000; Z 5 23.411; P 5 0.001),
but not when DSRs from other regions were compared
between anterior and posterior teeth.
Retzius line periodicity. Retzius lines were present in
one deciduous mandibular first molar and periodicity
was calculated. A measurement of 56.93 lm across three
enamel layers divided by a local DSR of 3.56 lm gave a
figure of 5.33 or a periodicity of 5 days. The periodicity of
the lateral incisor from the same mandible calculated
from direct counts of cross-striations was 5 days (see
Fig. 1). The lateral incisor periodicity was recalculated in
another area of the enamel from a prism length divided by
a local DSR. A measurement of 38.40 lm across two layers
divided by a local DSR of 4.18 lm (16.73 lm/4) gave a
figure of 4.59, or a periodicity of 5 days.
Retzius lines were present in one permanent first
molar and a deciduous second molar from the same jaw.
Measurements of 120.00 lm across three enamel layers
in one section from the permanent molar, divided by a
local DSR of 5.40 lm gave a figure of 7.40 or a periodic-
ity of 7 days. Measurements of 143.00 lm across four
enamel layers in another section from the same molar
divided by a DSR of 5.00 lm gave a figure of 7.15 or a
periodicity of 7 days. A measurement of 55.00 lm across
two layers in a section from the deciduous second molar
divided by a local DSR of 3.87 lm gave a figure of 7.10,
or a periodicity of 7 days.
Pre- and postnatal cusp growth. When mandibular
anterior tooth enamel initiation times are compared with
initiation times previously reported for deciduous mandib-
ularmolars (Mahoney, 2011), a chronology of initial enamel
growth can be reconstructed along the tooth row. The di1
initiates first, then di2, dm1, dc1, and lastly dm2 (Fig. 9).
DISCUSSION
Daily enamel secretion rates
Deciduous mandibular incisors and molars have
slightly different growth trajectories (Fig. 8). A greater
quantity of enamel is secreted each day in the midincisor
enamel region, compared with the same region in
molars. Mean DSRs are also slightly elevated in outer
incisor enamel compared with molars. This differs from
human permanent teeth, which showed limited DSR var-
iation between some tooth types (Beynon et al., 1991b).
Some of the DSR variation along the deciduous tooth
row could be due to the neonatal line. Enamel secretion
rates can be temporarily reduced immediately after birth
compared with before (Macchiarelli et al., 2006; Birch
and Dean, 2009; Mahoney, 2011). A neonatal line is pres-
ent in deciduous molar cuspal enamel (midenamel
regions in dm1 hypoconid and entoconid, and dm2
metaconid; dm2 protoconid outer region; Mahoney, 2011:
compare his Tables 5–8). Since this line is usually not
present in incisor cuspal enamel (compare Table 3 with
Fig. 4. Deciduous mandibular lateral incisor enamel CFT.
The figure shows mean enamel formation time for di2 subdi-
vided into quartiles, which are indicated by lines and days of
occurrence, with the corresponding pre (2) and postnatal (1)
chronological age in days given in parenthesis. Values show
that 89 days before birth, cuspal enamel is complete. Lateral
enamel growth continues and crown formation is complete 175
days after birth. La 5 Labial. Li 5 Lingual. Values were taken
from Tables 3 and 4 and re-calculated.
Fig. 5. Deciduous mandibular canine enamel CFT. The fig-
ure shows mean enamel formation time for dc1 subdivided into
quartiles, which are indicated by lines and days of occurrence,
with the corresponding pre (2) and postnatal (1) chronological
age in days given in parenthesis. Values show that 9 days
before birth, cuspal enamel has formed. Lateral enamel growth
continues, and crown formation is complete 355 days after birth.
La 5 Labial. Li 5 Lingual. Values were taken from Tables 3
and 4 and re-calculated.
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4), birth might explain some of the DSR variation
between molars and incisors. However, birth is unlikely to
have had an effect on either dc1 or dc
1 cuspal DSRs, as the
average period of canine cuspal enamel growth is approxi-
mately equivalent to the average period of prenatal
enamel growth (see methodological findings below).
Nevertheless, mean DSRs from canine cuspal mid and
outer enamel regions are also slightly reduced compared
with incisors (Tables 1 and 2). Neither does dm2 hypoconid
and entoconid inner cuspal enamel contain a neonatal
line. Nevertheless, mean DSRs from inner enamel in this
tooth type, along with all other deciduous tooth types, are
still greater compared with permanent molar inner
enamel (Fig. 10). Therefore, some, but not all of the DSR
variation between the tooth types can be explained by
birth (see Discussion in pre- and postnatal cusp growth
section below). Overall, mean cuspal DSRs were fastest in
deciduous incisors, slowed along the tooth row in decidu-
ous molars, and were slowest in permanent molars,
depending on which region of the tooth was compared.
Retzius line periodicity
Retzius line periodicity in the anterior teeth ranged
between 5 and 6 days. When combined with the values
of 7 and 9 days calculated for two deciduous molars (see
Results section, and Mahoney, 2011) this gives a range
from 5 to 9 days. The lowermost value of 5 days is less
Fig. 6. Deciduous maxillary lateral incisor enamel CFT. The
figure shows mean enamel formation time for di2 subdivided
into quartiles, which are indicated by lines and days of occur-
rence, with the corresponding pre (2) and postnatal (1) chrono-
logical age in days given in parenthesis. Values show that 106
days before birth, cuspal enamel is complete. Lateral enamel
growth continues and crown formation is complete 182 days af-
ter birth. La 5 Labial. Li 5 Lingual. Values were taken from
Tables 3 and 4 and re-calculated.
Fig. 7. Deciduous maxillary canine enamel CFT. The figure
shows mean enamel formation time for dc1 subdivided into
quartiles, which are indicated by lines and days of occurrence,
with the corresponding postnatal chronological age in days
given in parenthesis. Values show that 6 days before birth, cus-
pal enamel is complete. Lateral enamel growth continues, and
crown formation is complete 376 days after birth. La 5 Labial.
Li 5 Lingual. Values were taken from Tables 3 and 4 and
re-calculated.
TABLE 5. Comparing deciduous incisor and canine mean CFT (6 1 SD) in years after birth
di2 dc1 di
2 dc1 Authors
– 0.65 (0.54–0.79) – – Fanning (1961)a
– 0.70 (0.60–0.80) – – Moorrees et al. (1963)b
0.25 0.75 0.20 0.75 Nomata (1964)
– 0.77 (0.56–1.07) – – Fanning and Brown (1971)c
0.32 (0.25–0.39) 0.81 (0.69–0.93) 0.28 (0.04–0.52) 0.83 (0.57–1.09) Liversidge and Molleson (2004)d
0.48 (0.37–0.58) 0.97 (0.82–1.13) 0.50 (0.38–0.62) 1.03 (0.89–1.17) This studye
a50th, 25th, and 75th mean percentiles calculated from males and females.
bCalculated from figure in publication.
c3rd, 50th, and 97th percentiles calculated from males and females.
dMean age of attainment for enamel crown completion.
eThis study. Re-calculated from Tables 3 and 4. Mean postnatal formation times for di1 of 0.51 years (n 5 3) and 0.32 years for di1
(n 5 3) are also greater than mean age of attainment reported by radiographic methods: di1 5 0.12 years; dc1 5 0.10 years (Liver-
sidge and Molleson, 2004).
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than the lowermost value of 6 days reported for modern
human permanent teeth (e.g., Reid and Ferrell, 2006;
Mahoney, 2008). Therefore, at first glance, the results
reported here do not appear to support the hypothesis
that the range of Retzius line periodicities in deciduous
teeth will be the same as in permanent teeth. However,
periodicity remained constant between a deciduous and
permanent molar from the same jaw, which does not
suggest that these different tooth types have different
ranges. If this is confirmed, then the lowermost value
reported here extends the known range for modern
humans. Future studies can assess this proposal with
larger data sets. Retzius line periodicity also remained
constant when calculated in two different enamel regions
in one lateral incisor (see Results), which does not sup-
port the idea that periodicity varies within a deciduous
tooth (Huda and Bowman, 1995).
Retzius line periodicity remained constant between a
deciduous incisor and deciduous molar from one jaw.
This finding is the same as the results reported for
human permanent teeth, where periodicity also remains
constant between teeth from the same jaw (e.g., Dean
and Beynon, 1991; FitzGerald, 1998; Reid et al., 1998a).
Deciduous incremental enamel development
and tooth eruption
Beynon et al. (1991a) proposed that aspects of incre-
mental development in permanent teeth from a juvenile
gorilla reflected mean tooth emergence times. Several of
the results presented here suggest that this also applies to
modern human deciduous teeth. First, clinical longitudi-
nal studies of living children (Lysell et al., 1962; Roche et
al., 1964; Hitchcock et al., 1984; Holman and Yamaguchi,
2005; Folayan et al., 2007; Woodroffe et al., 2010) report
the mean deciduous eruption (emergence through the gin-
giva) sequence for mandibular and maxillary teeth: di1,
di2, dm1, dc1, and dm2. This eruption sequence is the
same as the mandibular enamel initiation sequence
reported here (Fig. 9). Even if the previously noted varia-
tion in di2 and dm1 initiation is accounted for, there are
still some similarities between eruption and initiation of
the earliest (di1) and latest (dc1, dm2) forming teeth.
In addition to enamel initiation times, other links
between deciduous incremental enamel development and
the eruption sequence are apparent. Relative to the
Fig. 8. Mean cuspal DSRs for deciduous mandibular ante-
rior and posterior teeth. X 5 mean cuspal DSRs for mandibular
di1, di2, and dic1 taken from Table 1. X 5 mean cuspal DSR for
mandibular dm1 and dm2, taken from Mahoney (2011).
Fig. 9. Cusp initiation and completion times for deciduous mandibular teeth. Data for di1, di2, and dc1 taken from Tables 3 and
4. Data for dm1 protoconid, and dm2 protoconid and hypoconid combined taken from Mahoney (2011).
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other tooth types along the deciduous mandibular tooth
row, incisor enamel had the fastest mean DSRs (mid-
and outer regions), the greatest proportion of prenatal
formation time (maximum of 59%, minimum of 45%:
Tables 3 and 4), the shortest postnatal formation time,
but is amongst the first tooth type to erupt (based upon
the clinical studies). Thus, the incremental development
of mandibular incisor enamel suggests links with the
eruption sequence. If this is accepted, then the relatively
advanced development in the incisors, and accelerated
DSRs that cannot be explained by birth, makes sense, as
this is likely tied to the need to develop this tooth rap-
idly as it is the first human tooth to erupt.
If links between deciduous incremental enamel devel-
opment and eruption prove consistent in future studies,
then this might provide one alternative way of evaluat-
ing eruption sequences for deciduous teeth that have
completed development but are recovered outside of the
Fig. 10. Mean inner enamel cuspal DSRs. 5 mean cuspal
DSR for mandibular di1, di2, and dic1 taken from Table 1. ^ 5
mean cuspal DSR for mandibular dm1 and dm2, taken from
Mahoney (2011). Mean DSR for permanent molars taken from
Dean (1998), Beynon et al., (1991), Lacruz and Bromage (2006),
Reid et al. (1998), and Mahoney (2008; and see his Table 8 for
calculations).
Fig. 11. Cross-striations adjacent to the EDJ in dc1. A: 103.
B: Close up of A at 403.
Fig. 12. Accentuated marking and surface hypoplasia in dc1.
A: Montage of dc1 at 43. B: Close up at 203 of hypoplastic
defect. White arrow points to accentuated marking that emerges
at outer enamel surface as a type of hypoplasia. Dashed white
lines trace the change in prism axis, before and after the accen-
tuated marking. C: Close up at 403 showing the change in the
visibility of cross-striations, before and after the accentuated
marking. White arrow points to accentuated marking, EDJ is to
the right.
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jaw. For example, by reconstructing a chronology of den-
tal development using the neonatal line, or other accen-
tuated markings, to register development between teeth
from one individual, it might then be possible to recon-
struct the eruption sequence and potential life history
events. Future studies may test this proposal for applic-
ability in studies of non-human primates (e.g., Smith
et al., 1994; Godfrey et al., 2004).
Methodological findings
Cross-striation and prism visibility within deciduous
anterior teeth are dependent on the region of the enamel
examined. Cross-striations and prisms were usually visi-
ble in cuspal and lateral inner enamel of all tooth types.
Consequently, DSRs could generally be calculated for
this region, even directly adjacent to the EDJ (see
Fig. 11). This suggests that the structure-less layer (up
to 15 lm) of enamel adjacent to the EDJ in permanent
teeth (Osborn, 1973) can be narrower in deciduous teeth.
Cross-striations and prisms were relatively less visible
in the outermost enamel (e.g., Ripa, 1966, Gwinnett,
1966). Cross-striations were least visible in the cervical
enamel of all teeth studied. In addition to the region
examined, cross-striation visibility (and prism orienta-
tion) was influenced by an accentuated marking that
emerged at the outer surface as a type of hypoplasia
(Fig. 12a–c).
Accentuated markings were rarely preserved in cen-
tral incisors, especially mandibular incisors, thus CFT
could only be calculated for six individuals for this tooth
type (Table 3: footnote 3). An alternative method for esti-
mating CFT in central incisors is from linear regression
equations (see Results).
CONCLUSION
This study reconstructed incremental enamel develop-
ment in a sample of modern human deciduous maxillary
and mandibular anterior teeth. Results were compared
with deciduous molars to test the hypotheses that
Retzius line periodicity and DSRs remained constant
along the tooth row, as in permanent teeth. Links
between incremental development and the deciduous
eruption sequence were also sought. It was found that
Retzius line periodicity remained constant along the de-
ciduous tooth row, though the lower most values
reported here for deciduous teeth are less than those
previously reported by the majority of previous studies
on human permanent teeth. DSRs in mandibular inci-
sors were slightly accelerated when compared with
equivalent regions in mandibular molars. Birth may
explain some, but not all of this variation. Instead, rela-
tively rapid development in incisors in advance of early
eruption may account for some of the variation in
enamel secretion rates along the tooth row that cannot
be explained by birth. If such links between incremental
enamel development and the eruption sequence are also
present in other primate deciduous dentition, then this
might have applicability in studies of life history.
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APPENDIX
TABLE A4. Comparing anterior mandibular vs. maxillary
DSRs
Cuspal Lateral
U Z P U Z P
di1 di1
Inner 35.000 0.000 1.000 4.000 20.720 0.629
Mid 24.500 20.580 0.574 12.500 0.000 1.000
Outer 2.000 22.132 0.058 – – –
di2 di2
Inner 52.500 21.387 0.168 19.000 20.646 0.573
Mid 17.000 22.044 0.053 11.000 21.123 0.310
Outer 6.000 21.868 0.073 50.000 21.347 0.188
dc1 dc1
Inner 63.000 22.437 0.014* 4.000 21.480 0.190
Mid 109.000 20.203 0.857 73.000 20.874 0.402
Outer 61.000 20.611 0.541 4.000 21.162 0.343
TABLE A2. Comparing maxillary anterior tooth enamel
DSRs between tooth types
U Z P U Z P
Cuspal inner region Lateral inner region
di1 vs. di2 20.500 21.418 0.161 14.000 20.341 0.808
di1 vs. dc1 82.000 20.151 0.902 4.000 21.482 0.194
di2 vs. dc1 110.500 0.000 1.000 8.500 21.276 0.214
Cuspal mid region Lateral mid region
di1 vs. di2 9.000 21.610 0.103 11.000 20.314 0.841
di1 vs. dc1 5.000 21.881 0.073 21.500 21.251 0.219
di2 vs. dc1 63.000 20.500 0.644 15.500 21.677 0.095
Cuspal outer region Lateral outer region
di1 vs. di2 15.000 21.000 1.000 – – –
di1 vs. dc1 35.500 21.234 0.226 – – –
di2 vs. dc1 40.000 20.934 0.378 10.000 21.681 0.073
TABLE A1. Comparing mandibular anterior tooth enamel
DSRs between tooth types
U Z P U Z P
Cuspal inner region Lateral inner region
di1 vs. di2 26.000 21.355 0.176 14.500 20.093 0.926
di1 vs. dc1 26.000 21.355 0.196 6.500 22.089 0.075
di2 vs. dc1 72.000 0.000 1.000 8.500 21.203 0.229
Cuspal mid region Lateral mid region
di1 vs. di2 12.000 22.537 0.219 10.500 21.143 0.253
di1 vs. dc1 72.000 21.329 0.195 27.000 0.542 0.633
di2 vs. dc1 33.000 21.683 0.094 17.000 20.963 0.336
Cuspal outer region Lateral outer region
di1 vs. di2 11.000 20.570 0.648 2.000 21.414 0.229
di1 vs. dc1 23.000 20.579 0.613 6.000 21.710 0.109
di2 vs. dc1 10.500 20.936 0.368 12.000 0.000 1.000




Z P Z P Z P
Mandibular
Inner vs. inner 0.000 1.000 20.105 0.917 21.095 0.273
Mid vs. mid 21.753 0.800 20.338 0.735 21.490 0.136
Outer vs. outer 21.000 0.317 20.535 0.593 20.365 0.715
Maxillary
Inner vs. inner 21.461 0.144 20.700 1.753 20.271 0.786
Mid vs. mid 22.032 0.046* 20.484 0.080 20.405 0.686
Outer vs. outer – – 20.552 0.581 21.095 0.273
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